a Intermolecular radical 1,2-addition (IRA) of N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl)aminoxyl (SG1) based alkoxyamines onto activated olefins is used as a tool for peptide ligation.
This strategy relies on simple peptide pre-derivatization to obtain (i) a SG1 nitroxide functionalized resin peptide at its N-terminus (SG1-peptide alkoxyamine), (ii) a vinyl functionalized peptide (either at its C-terminus or N-terminus), and does not require any coupling agents.
The search for increasingly versatile and efficient ligation-conjugation reactions is a major concern in peptide science, as they can provide valuable edifices in crucial applications such as vaccine/drug design, [1] [2] [3] [4] antigen capture, 5 or biological mechanism elucidation. 6 Many chemoselective ligation methods have emerged over the two past decades for coupling of peptide fragments or for peptide modification with biomolecules of interest. 20 In previous studies we reported a novel and efficient free radical reaction, namely intermolecular radical 1,2-addition (IRA) of N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl)aminoxyl (SG1) based alkoxyamines onto activated vinyl functionalized compounds (Scheme 1), 21, 22 that enabled the preparation of a range of novel alkoxyamines of interest for use as initiator-controller in the field of controlled radical polymerization. The success of this reaction relies on the higher homolytic dissociation rate constant (k d ) value of the starting tertiary stabilized alkoxyamine 1 compared to the one of the alkoxyamine 3 resulting from the addition on the double bond of vinyl compound 2, which bears a less stabilized and bulky secondary radical as the alkyl part. If the reaction temperature is carefully chosen, only the cleavage of the alkoxyamine 1 occurs, and a modest to good yield of the 1,2 adduct 3 is obtained and no oligomerization occurs. The tuning of the experimental conditions thus requires the determination of the dissociation rate constant of the starting alkoxyamines and the use of a kinetic model that we developed previously. 22 We focus here on the potential of this radical reaction as a novel method for peptide conjugation, termed Alkoxyamine Peptide Ligation (APL). Due to the radical mechanism involved, unprotected lateral functional groups of the peptides are not expected to be involved in side reactions, making the APL approach potentially attractive and versatile. Our strategy simply implies the functionalization of one peptide on its N-or C-terminus with a vinyl group (R 0 as the peptidyl moiety, Scheme 1) and that of the other one on its N-terminus with a SG1 moiety (R as the peptidyl moiety, Scheme 1). In our approach, the latter is advantageously kept on the resin to react with the vinyl peptide via the IRA reaction. This strategy produces the desired peptide conjugate after simple cleavage from the resin. As a proof of concept, and as classically reported for any new ligation strategy, 13, 14, 16, 17 we worked on model peptide fragments to demonstrate our conjugation approach, namely GGGWIKVAV and GGG/RGDK based peptidyl moieties. The resin SG1-modified peptide 5 (SG1-MAMA-GGGWIKVAV, containing the laminin-derived IKVAV sequence, Scheme 2) was Scheme 1 General intermolecular radical 1,2-addition (IRA) of SG1-based alkoxyamines onto activated olefins.
obtained as previously described. 23 Typically, the SG1 moiety was introduced at the N-terminus of the GGGWIKVAV peptide (4), as the last step of Fmoc/t-Bu solid-phase peptide synthesis (SPPS), through a reaction between the carboxylic acid function of the MAMA-SG1 (BlocBuilder MA) alkoxyamine and the peptide terminal amine (PyBOP as a coupling agent), as shown in Scheme 2. Peptide 5 was kept on the resin for further IRA conjugation. The degree of alkoxyamine functionalization and the dissociation rate constant (k d ) were assessed by Electron Spin Resonance (ESR), by monitoring the concentration of released SG1 nitroxide upon heating the macroalkoxyamine bound resin. The degree of functionalization was obtained by comparing the final concentration of released nitroxide to the theoretical amount of SG1 bound to the resin, and k d was determined from fitting of the profile of released SG1 vs. time by a first-order kinetic law. The degree of functionalization was found to be 92%, which is a nearly quantitative functionalization of the peptide-bound resin. Experiments were first performed in tertbutyl benzene as the solvent to compare the dissociation rate constant as well as the activation energy with the data of the literature (see ESI † section for details). The activation energy (E a ) was measured to be 119.3 kJ mol À1 (Fig. S1 , ESI †), higher than that of the BlocBuilder alkoxyamine (112.3 kJ mol
À1
), as already observed for other amide-functionalized alkoxyamines derived from BlocBuilder. 24 This increase has been ascribed to an intramolecular H-bonding that occurs between the N-H and both the PQO and N-O-C groups. The k d measurement was further performed in DMF, as the latter was envisioned for performing the on-resin ligation reaction. Indeed, this solvent has been widely described as the solvent of choice for performing on-resin coupling reactions, 25 including on-resin ligations, 26 due to its suitable properties of resin-peptide solvation and presentation. In this solvent, a strong increase of the k d value was observed that leads to an activation energy of 109 kJ mol À1 (Fig. S2 , ESI †).
Some authors 27 already observed an increase of the k d value in polar solvents and especially in DMF, but such a difference was barely obtained. This phenomenon could be due to both the disappearance of the H-bonding and an increase of the k d value with the polarity. Such a high dissociation rate is a very interesting feature as it allows to envision to perform the 1,2 radical addition ligation reaction at mild temperatures (70-90 1C) in the convenient DMF solvent. In a first approach to prove the IRA-based conjugation concept and to optimize the reaction conditions, the vinyl moiety on the GGG peptide was similarly introduced at the Nterminus through a straightforward reaction of acrylic acid with the peptide a-amine as the last step of the SPPS (Scheme 2, left pathway). After cleavage from the resin, the vinyl peptide 6 (=GGG, M = 242.1) was involved in the IRA reaction with the SG1 resin peptide in DMF (Scheme 2), at various temperatures and reaction times. It should be noted here that, as ligation is performed on the resin, the HPLC characterization of the reaction was systematically performed after TFA cleavage. Although maintained on-resin for the ligation process, the SG1 peptide was of good purity as assessed by HPLC after TFA cleavage (Fig. 1, top , starting time reference chromatogram). It should also be noted that whereas typical solid phase based reactions are usually performed with 3-or 4-fold molar excess of the reactant in solution compared to that on the support, the IRA was here carried out with only a slight excess of vinyl peptide (B1.2 eq./SG1-peptide), to avoid problems of oligomerization. 21 The resulting compound 8 was cleaved from the resin (TFA treatment), and further precipitated in diethyl ether, to afford the peptide 10. HPLC-UV/MS analysis of the crude product showed the presence of the expected product (10, M = 1433.78), whatever the conditions used (Fig. 1) . The ligation product is, as for the starting SG1 peptide, devoid of the t-Bu group adjacent to the nitrogen of the SG1 moiety, which is known to leave upon TFA cleavage, as previously described. 23, 28 At 90 1C, conversion of the SG1 resin-peptide into the conjugation product occurred quite efficiently in the course of time. However, the presence of a side product was observed in significant amounts. This product corresponds to the starting GGGWIKVAV peptide having lost the labile SG1 upon heating (substitution with hydrogen (M = 954.57) or hydroxyl (M = 970.56), Fig. S3 , ESI †). 29 This was confirmed by performing a reference reaction (DMF, 3 h, 90 1C) in the absence of vinyl peptide, which indeed led to the formation of the hydrogen/ hydroxyl substituted product. Interestingly, when decreasing the temperature to 70 1C and increasing the reaction time (72 h), the formation of the side product could be strongly minimized to the benefit of the conjugation product (Fig. 1, bottom) . Based on the chromatogram peak areas, it was determined a 58% conjugation yield, 4% remaining starting SG1 resin peptide and 38% side product formation. The ligation product was purified by HPLC ( Fig. 2; see Fig. S4 (ESI †) for MS analysis and complete structure of the peptide) and obtained in 35% yield. Its structure was further confirmed by MS/MS analysis (Fig. S5, ESI †) . The RGDK peptide model (fibronectin-derived peptide), acrylated at the N-terminus (7, M = 527.3), was then similarly involved in the IRA process, with a view to assess the chemoselectivity of the reaction in the presence of various functional groups (carboxylic acid, amine, guanidine). Again the ligation was successful, with a conversion yield of about 50% (HPLC/MS in To finally show the versatility of the IRA based conjugation, we used a peptide functionalized by a vinyl moiety at its C-terminal lysine (12, GGGK=, M = 370.2, Scheme 2, right pathway), which allows to envision the non-native ligation reaction with the N-terminal SG1 functionalized peptide SG1-MAMA-GGGWIKVAV (5). To introduce the vinyl moiety on the peptide, the monomethoxytrityl (Mmt) protecting group of the lysine e-amine was selectively removed for an e-amine reaction with acryloyl chloride, after incorporation of the last amino-acid (Fmoc-Gly-OH) along the SPPS process. Again, the ligation product (14, M = 1561.87) was successfully obtained (Fig. S8, ESI †) . The conversion yield was lower than that previously observed in the N-terminus approach under the same reaction conditions (either at 90 1C or 70 1C), but could be increased to 20% by increasing the amounts of acrylated peptide (2 eq./SG1-peptide). The purified peptide (Fig. S9 , ESI †) was isolated at a yield of 15%. The lower reactivity could be ascribed to the ''axial'' position of the double bond (lysine endfunctionalization) in the peptidic chain, as compared to that of the N-terminal approach.
In conclusion, in this work we have demonstrated the efficiency of Alkoxyamine Peptide Ligation (APL), a novel straightforward radical chemistry based strategy for peptide conjugation through Intermolecular Radical 1,2-Addition (IRA) between a peptide alkene and a peptide alkoxyamine. The reaction proceeds without any coupling agents and in the solid phase (use of the SG1 functionalized peptide bound to the resin), making further purification of the peptide adduct easier. This conjugation approach can thus represent a breakthrough in the field of peptide ligation, and is currently under further investigation in our group with respect to medium-sized peptide coupling and possible requirements for orthogonal protection of methionine and cysteine residues during the radical process.
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